Optimal hyperplastic coefficients of the micromechanical constituents of human brain stem were investigated. An evolutionary optimization algorithm was combined with a Finite Element (FE) model of a Representative Volume Element (RVE) to find the optimal material properties of axon and Extra Cellular Matrix (ECM). The tension and compression test results of a previously published experiment were used for optimizing the material coefficients and the shear experiment was used for validation of the resulting constitutive model. The optimization algorithm searched for optimal shear moduli and fiber stiffness of axon and ECM by fitting the average stress in axonal direction to the results of the experiment. The resulting constitutive model was validated against the shear stress results of the same experiment showing strong agreement. The instantaneous shear moduli and fiber stiffness of both axon and ECM increased at higher strain rates, while the axon-to-ECM shear modulus ratio decreased from the value of 10 at the strain rate of 0.5/s to the value of 5 at
the strain rate of 30/s. The proposed characterization procedure and the resulting coefficients may be applied in future multi-scale FE studies of the human brain.
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1-Introduction
Diffuse axonal injury (DAI) is a severe type of Traumatic Brain Injury (TBI). The phenomenon is characterized by microscopic damage to brain axons in a vast area of white matter including focal damage to the axons of the corpus callosum and brain stem. The outcome is frequently coma, with over 90% of patients with severe DAI never regaining consciousness (Wasserman et al. 2007 ) [1] . The few survivors most often end up with poor neurological functions as a result of delayed secondary axon disconnections slowly developed over an extended time course (Johnson et al. 2013 ) [2] .
Understanding the mechanical behavior of the brain material in the key to predicting the response of the tissue to external stimuli. The importance of anisotropic behavior of the white matter has been shown in several previous studies (Arbogast et al. 1999 [3] ; Arbogast and Margulies 1998 [4] ; Prange and Margulies 2002 [5] ; Budday et al. 2017 [6] ).
Characterization of the anisotropic hyper-viscoelastic material of the white matter can improve predication and prognosis of TBI. To this end, experimental studies play the central role. Several researchers have performed tests with compressive, tensile, and shear oscillatory loading at various strain rates and specimen geometries to examine the material properties of the brain in vitro. In this respect, among many other valuable publications, the works of Miller et al. (2002) [7] , Gefen et al. (2004) [8] , Hrapko et al. (2006) [9] , and Xin et al. (2013) [10] are reference here. The results of experimental tests in-vitro of brain white matter show that the resulting curves depend on several factors including the number of hours post-mortem, the examined region, strain rate, etc. Most of the experiments have been performed at low strain rates corresponding to low-speed phenomena such as tumor growth, surgical procedures, etc. while fewer studies are focused on high strain-rate conditions such as that of TBI. Recently, Budday et al. (2016 Budday et al. ( , 2017 [6, 11] applied a sequence of loading modes to the same human brain specimen and characterized the loading-mode specific regional and directional behavior. They reported that brain material has a pronounced compression-tension asymmetry.
In the field of FE modelling, a great deal of literature has been focused on macro mechanical and material modelling of the brain tissue and (see e.g., Eslamnejad et. al, 2018 [12] ; Saboori et al., 2011 [13] ). However, given the anisotropic nature of white matter discovered as a result of applying the DTI technique and fiber tractography in recent years, multi-scale models have gained considerable importance (MacManus et al., 2017 [14] ; Budday et al., 2017 [6] ) The relation between mechanical loading at the macroscopic head level and cellular damage at the microscopic level is a complex problem. The different length scales involved the DAI have attracted many researchers to study the multi-scale behavior of white matter (Wright et al. 2013 [15] ; Goriely et al. 2015 [16] ). Since the introduction of multi-scale models, the micromechanical behavior of the white matter has been under scrutiny due to its anisotropy and heterogeneity; of which the former is represented by axonal bundles extending through white matter in various directions and the latter is the result of regional dependence of axon-to-ECM volume fraction throughout the white matter.
Among multi-scale models of white matter, micromechanical models have gained considerable attention where a Representative Volume Element (RVE) consisting of fiber (axonal bundle) and ECM (Extra-Cellular Matrix) is assumed to represent a unit cell within the white matter (e.g. the brain stem). Characterization of such RVE can serve as a useful tool to shift from a heterogeneous model to a homogeneous model in various sub-regions of the white matter. Several researchers have attempted to characterize the mechanical behavior of such RVE. Ning et al. (2006) [17] developed a composite model with unidirectional fibers to study the behavior of brain stem under finite shear deformation.
They used a strain energy function to determine the instantaneous response of the transversely isotropic hyper elastic tissue. Karami et al. (2011) [18] Recently, Latorre et al. (2016) [23] studied the effect of considering the compression branch in the characterization of hyper elastic behavior of soft biological tissues. They concluded that, tensile tests are not sufficient to characterize the material behavior of soft biological tissues. By using theoretical formulations addressing the adequate determination of the terms of stored energies, they showed that, in general, both the extension and compression branches of a uniaxial test are required to completely characterize the material in order to use the resulting model in other loading situations with confidence in the results.
In other words, to properly characterize the hyper elastic soft biological tissues, the compression branch of the uniaxial tests (or valid alternative tests) must be considered as well as the tension branch.
Despite the previous efforts to characterize the micromechanical behavior of brain tissue, the study of the micromechanical behavior of the white matter constituents (i.e. axon and ECM) has been mostly limited to small-strain linear viscoelastic response. In addition, to the authors' knowledge, in previous procedures for hyper elastic characterization of brain tissue, the important effect of the compression branch on the results has been neglected, i.e. the tension test results alone have been used to characterize the material model. The current study seeks to find the optimal hyper elastic constants of the Holzapfel material model (Holzapfel et al. 2000 ) [24] for white matter constituents at three characteristic strain rates. This is done by using an evolutionary optimization algorithm to fit the constants of the hyper elastic model onto the results of a previous experiment on a specimen at various strain rates. The tension and compression tests are both used to obtain the parameters and the shear test results are used to validate the resulting model.
2-Representative Volume Element (RVE)
The Representative Volume Element has been defined as the smallest volume over which a measurement can be made that will yield a value representative of the whole (Hill 1963 ) [25] . In case of brain white matter, this volume must contain the Extra-cellular matrix and at least one fiber (a bundle of axons) that represents the geometry of the region under study (Javid et al. 2014 ) [21] . Here, a cubic unit cell at the size of a conventional T1 voxel from MRI Scanning is considered. The axon-ECM volume ratio is obtained from previous observations of post-mortem samples of porcine brain stem. A single-fiber composite FE model is used with perfect bonding between the constituents.
2-1-Finite Element Model
Finite Element model involving the geometry of a fiber and matrix comprising a Repetitive Unit Cell (RUC) was developed. The fiber was modelled as a partition to represent perfect bonding within the matrix. The axonal volume fraction has been reported to be 53% in two previous studies (Arbogast and Margulies 1999; Meaney 2003) [3, 26] and 52.7% (Javid et al. 2014 ) [21] from observations of porcine brain stem. Here, it is assumed to be 53%. As the model contains a single fiber rather than a random distribution of fibers, the hypothesized size of the RVE does not affect the results of the study. Here, The RVE edge (characteristic) length L was considered 2 mm. On the other hand, the effect of the mesh size on the responses of the RVE is important and must be considered. Therefore, a sensitivity analysis was performed by changing the seed size from 0.01 to 0.2 mm while observing average RVE stress at various strain rates. Finally, the seed size of 0.1 was found to fine enough for stabilizing stress changes at all three strain rates.
The model was meshed with a total number of 1320 linear hexahedral elements of type C3D8R in ABAQUS 6-14. We used partitioning to obtain fully symmetric mesh on opposite faces.
2-2-Periodic Boundary Conditions
Due to the repetitive nature of the RVE, it requires special boundary conditions knows as The PBC constraints must be applied in such a way that the unit cell deforms in a symmetric and identical manner on the opposite sides. To establish the required symmetry, the number and orientation of nodes on opposite faces of the cell must be equal and similar.
The mesh on the opposite surfaces of the RVE must be identical in order for the nodal displacements to have one-to-one correspondence on opposite faces. This will ensure the symmetry of displacements. In order to enforce this condition, the relative displacement of each pair of opposite nodes was formulated in terms of the deformation gradient tensor (F) which is applied to the unit cell in the fiber direction. Since we are dealing with large strains, this will ensure that the displacements conform to the Finite Strain theory of continuum.
Considering a deformation gradient field acting on the Unit Cell with the characteristic length L as
For each pair of nodes on two opposite faces, (Considering the nodes on + and − as example)
Where u, , and are nodal displacements in x, y and z direction respectively ( Figure 1 ).
For each node on an edge, there are two sets of constraint equations to be satisfied since there are two adjacent edges and two corresponding nodes. Taking a node on the edge − + as example:
The second set can be obtained by changing the sign of z-plane and rewriting the strains for direction 3 as:
The same approach was applied to the corner nodes. However, since each corner node is opposite to three other corner nods, three sets of equations (9 equations 
Similarly, the remaining equations were derived for displacements of the corner nodes along y and z axes. The above equations were generated via a python script. The redundant constraints were removed at the end.
<Figure 1>
2-3-Volume Averaging
Volume averaging was applied to the stress and strain over the RVE to obtain homogenous results. (Hollister et al. 1992 ) [28] . An ABAQUS user subroutine was used to integrate the nodal stress and strains over the volume of the RVE. Equation (14, 15) were used to estimate volume-averaged values of the outputs.
Where and represent the volume-averaged values of stress and strain, respectively. and are average nodal stress and strain and V is the volume of the RVE.
3-Material Properties
In order to analyze the large-strain response of the tissue at various strain rates, we used a hyper-viscoelastic model for both axon and ECM. The Holzapfel-Gasser-Ogden (HGO) strain energy function was used to model the hyper elastic behavior of the constituents. In addition, both axon and ECM were assumed to display viscoelastic behavior characterized by
Prony series constants from a previous experiment.
3-1-Hyper elastic Constitutive Model
The form of the strain energy potential is based on that proposed by Holzapfel, Gasser, and
Ogden (2000) [24] . The HGO model was originally developed for modeling arterial layers with distributed collagen fiber orientations. However, later it was generalized to account for the fiber dispersion in brain white matter (Carlsen et al. 2015 ) [22] . Wright 
Where
In the above equations, W denotes the strain energy per unit volume, are the shear and bulk moduli, respectively. N is the number of existing fiber families in the fiber- for isotropic fiber orientation (randomly oriented fibers). The Macaulay brackets cause ̅ to become zero in case its value is negative and thus the fibers do not contribute in compression.
Assuming a single direction for fibers in the above equation and neglecting nonlinear stiffness effects of the fiber ( 2 → 0), Equation (17) is reduced to,
In this study, we used the HGO constitutive model for both Axon (fiber) and ECM, with the difference that the ECM is assumed to have isotopically oriented fibers (i.e. к = [20] . The optimization algorithm will search for the instantaneous shear moduli (G) and the fiber stiffness ( 1 ) of axon and ECM at three different strain rates. First, the optimal shear moduli are obtained by fitting the stress response to the compression test, followed by using tension tests to obtain the optimal fiber stiffness for both constituents. The upper and lower bounds of the parameters are defined based on the available data in the literature (Table 1) .
<Table 1>
3-2-Viscoelastic Behavior
Viscoelasticity may be introduced into the hyper elastic model in the form of Prony series by using (Cloots et al. 2013 ) [20] :
Where p is a time variable that spans from initial time to the current time. is the current deviatoric second Piola-Kirchhoff stress tensor, and is the deviatoric elastic second Piola- 
4-3-Optimization Procedure
A two-step procedure for optimal curve fitting was implemented. In the first step, the shear moduli were obtained through fitting the model results on compression test results. In the second step, the fiber stiffness values were found by using the previous step (shear moduli) and fitting the model results on tension test results. Finally, the full model was compared with both tests (i.e. tension and compression) to verify the coefficients (Figure 3 ).
The cost function was defined as the sum of R2 (Coefficient of Determination) and RSME 
5-Results
The optimal hyper elastic parameters in brain stem were found by using ICA optimization algorithm together with several scripts for calculation of cost at each decade (iteration). 10 initial countries and 4 initial imperialists were selected for the generation of the first set of parameters. The algorithm was repeated for three strain rates; namely low (0.5/s), medium Table 3 . Figure 5 shows the convergence of mean cost of all empires and the minimum cost at 48 decades during a run from the average strain rate scenario. The resulting curves with minimum cost are plotted against experimental data in Figure 6 and 7.
<Table 3> <Figure 5> <Figure 6> <Figure 7>
5-1-Validation with Shear Experiment
The optimal hyper elastic constants of Table 3 may now be validated with the shear experiments of the referenced experimental study. For this purpose, after applying the obtained optimal constants of the HGO model, and by using the Prony series constants for viscoelasticity, Shear stress of 0.5 was applied to the RVE in the XZ plane (Figure 1 ) and the results were obtained (Figure 8) . The results show acceptable quantitative agreement (RSME values in figure) and excellent qualitative similarity of the results (R2 values in figure) .
<Figure 8>
6-Discussion
The main goal of this study was to find the optimal hyper elastic constants of the HGO (Figures 6-8) . The fiberdirection stress contours of the deformed RVE in three load cases (i.e. tension, compression and shear) are shown in Figure 9 . As can be seen, the stress values are several times higher in axon than the ECM in tension and compression. The symmetry of the stress distribution throughout the RVE can be observed in the shear stress contour which occurs as a result of the applied periodic boundary conditions. <Figure 9>
Ning et al. (2006) [17] reported that the initial shear modulus of axons was 10 times larger than that of ECM under large deformation. This is in agreement with the results of our study at low strain rates. However, this ratio decreases to 5 at higher strain rates. Rashid et al (2012) [31] used a High Rater Tension Device (HRTD) to characterize the overall white matter hyper elastic behavior of porcine brain using various hyper elastic models. They reported the tensile engineering stress at 30% strain as 3.1, 4.3 and 6.5 kPa at strain rates of 30, 60 and 90/s respectively. In our study, the average RVE stress at 50% strain and strain rate of 30/s was 4.5 kPa which is in agreement in the order of magnitude. However, it should be noted that the tension and compression tests have both been used in the current study, while only the extension of the tissue has been considered in the study of Rashid and Ning. In addition, shear moduli of porcine white matter was evaluated by Rashid et al. (2012) [31] in Fung, Gent, and Ogden hyper elastic models at the strain rate of 30/s to be approximately 3 kPa.
Our algorithm has found the shear moduli of axon and ECM at the same strain rate to be 4.2 and 0.8 kPa, respectively. Assuming that the tissue shear modulus is the average of those of axon and ECM, the resulting values of our findings are in good agreement with these studies.
Miller and Chinzei (2002) [7] concluded that brain's stiffness in compression is 20% higher than in tension. This result, which our model verifies, may imply that axons contribute to the tissue's behavior in compression through an unknown mechanism. This is important given the fact that fibers represent a large portion of brain stem (e.g., 90% optic fiber volume fraction in the composites of optic fiber-matrix of adult porcine brainstem (Arbogast et al. 1999 ) [3] ).
7-Conclusions
The focus of this study was mainly to introduce a set of HGO hyper elastic constants for the constituents of brain stem. The constants were obtained by using an evolutionary optimization algorithm for three strain rates. The algorithm searched for constants that best fit the resulting average stress curve to a previous experiment. Based on the nature of biotissues that require more than one test to be characterized, we used both compression and The effect of the compression branch of uniaxial tests in characterization of hyper elastic models of brain is an important notion. Although it is assumed in hyper elastic constitutive models that fibers do not contribute to compression, the results of this study and some previous studies such as those of Miller et al. (2002) and Latorre et al. (2016) [7, 23] may challenge this idea.
The current study used a single-directional composite model to simulate the transversely isotropic behavior of the brain stem. This is a basic simplification of the reality of the white matter anisotropy. In addition, in the application of Periodic Boundary Conditions, the large strain assumption was used and the equations were derived based on the Finite Strain
Theory. This will result in stresses in the form of the Second the Second Piola-Kirchhoff Stress tensor. Finally, in case of TBI, strain rates of up to 90/s have been reported in the literature. The future studies may expand the current method to investigate the hyper elastic behavior of the tissue at higher strain rates.
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